Background. Clinical scenarios of repeated pain usually involve both nociceptive and non-nociceptive input. It is likely that associations between these stimuli are learned over time. Such learning may underlie subsequent amplification of pain, or evocation of pain in the absence of nociception.
Introduction
Pain is most often associated with nociceptive input, yet it is distinct from that input. Current concepts of pain emphasize that it is evoked by the inference that bodily tissues are in danger [1, 2] , and that this inference depends on an evaluation of sensory and non-sensory information on the background of prior knowledge [3] . Importantly, the sensory information may or may not include nociceptive input. With this view, nociception is neither sufficient nor necessary for pain [for full review, see 4] .
In clinical scenarios of pain, nociceptive input never occurs in isolation, but is preceded or accompanied by non-nociceptive input. For example, in a case of back pain, nociception at a certain point in a forward bending movement is unavoidably paired with information from proprioceptors as well as with visual information confirming the direction and magnitude of movement. This presents a situation where associations between nociceptive and non-nociceptive stimuli are likely to be learned. This form of associative learning follows the principles first proposed by Ivan Pavlov during the 19th century [5] . Indeed, the idea that Pavlovian conditioning could evoke pain has previously been mooted [for brief review, see 6] , but experimental investigation of the idea has been limited [7] .
Pavlov proposed that an initially neutral stimulus may come to evoke a response because it has repeatedly been paired with a stimulus that automatically elicits the response. The terminology is such that the neutral stimulus is called the conditioned stimulus (CS), the response is called the conditioned response (CR), and the initial stimulus, which automatically elicits an unconditioned response (UCR), is called the unconditioned stimulus (UCS). However, a more modern view of classical conditioning asserts that learning is shaped not only by the pairing of the CS and the UCS, but by the informational value that the CS contains about the upcoming UCS [8] .
A large body of literature already suggests that the effects of classical conditioning may play a notable role in chronic pain conditions, specifically in the development of chronic pain-related fear and disability [9]: classical conditioning is thought to be a learning process underlying the fear of pain that drives progressive avoidance of activity [10] . Critically, that research considers pain (and its mental representation) to be the UCS. However, nociceptive input can also be considered a UCS and pain the conditioned response elicited by non-nociceptive input associated with the nociceptive UCS (Figure 1 ). For example, Williams and Rhudy [11] conducted an experiment in which healthy participants were taught to associate certain images (CSþ) with aversive electrocutaneous stimulation (UCS), and other images (CS-) with no aversive stimulation. They then compared pain thresholds, valence, and arousal as measured while participants viewed the CS þ images to those measured while they viewed the CS-images. They expected that classical conditioning would lead to fear, and that that fear would cause a drop in pain threshold. However, an alternative possibility is that such a drop in pain threshold might not be reliant on fear, but could be the direct effect of viewing the CS þ image after the classical conditioning procedure. In other words, it is plausible to suggest that pain might become a classically conditioned response, one that is driven not by nociception, but by non-nociceptive input that has been previously associated with nociception.
Although the idea that fear of pain can be classically conditioned is well studied and largely supported; this idea that the experience of pain itself can be a classically conditioned response has received far less attention [7] . That may be because the distinction between pain and nociception, although highlighted almost 30 years ago [12] , has only recently become well accepted. That the experience of pain is an output-rather than a sensory input-urges us to reconsider the possible role of classical conditioning in the perception of pain.
We aimed to evaluate whether classical conditioning alone can be used to elicit pain (conditioned allodynia) or amplify pain (conditioned hyperalgesia) in healthy humans. We therefore conducted a systematic and meta-analytical review to synthesize the experimental evidence that allodynia or hyperalgesia can be classically conditioned in healthy, adult humans.
Methods

Data Sources
This systematic review was executed using an a priori protocol (Supplementary file 1) according to the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [13] and Cochrane guidelines [14] . A sensitive search strategy was designed with advice from an expert librarian, and included the Cochrane Library, PubMed, MEDLINE (via OvidSP), Embase (via OvidSP), AMED (via Ovid SP), CINAHL (via EBSCOhost), Web of Science (via Web of Knowledge), Scopus, PsycINFO (via EBSCOhost), and PsycArticles (via EBSCOhost) from date of inception to February 3, 2015. The search was not restricted by article language, but was restricted to humans where possible. Databases were searched using key search terms related to classical conditioning and pain, and, where they were available, subject headings specific to each database. Full search details are provided in Supplementary file 2. Review articles in the field of classical conditioning, pain, and placebo/nocebo effects (an area known to have explored modulation of pain by classical conditioning) were hand-searched for relevant citations. The final list of included articles was sent to recognized authors in the field to screen for any missed studies, including any that might not have reached publication.
Study Selection
Studies were included if they tested for a classical conditioning effect on pain in healthy, pain-free humans over 18 years old, and hypothesized, expected, or were designed so as to detect the onset of pain (allodynia), or an increase in pain (hyperalgesia) as the conditioned response, using a quantitative measure of pain intensity, pain threshold, or pain tolerance. Both simple and differential conditioning designs were eligible for inclusion. Within this context, simple conditioning designs used one CS and measured the response to that stimulus before and after pairing with the UCS; differential designs used a contrast comparison between two CSs, typically pairing one CS (denoted CSþ) with the UCS, and presenting the other CS (CS-) unpaired.
Studies that used observational learning were excluded. Studies were also excluded if they used explicit verbal suggestion such that participants might anticipate a change in pain a priori.
No restriction was placed on the nature of the conditioned or unconditioned stimuli used (e.g., electrical, radiant, or contact heat, etc.) or on the stated primary aim of the study: if studies met the above criteria, they were included, regardless of whether the study's primary aim was to evaluate the classical conditioning of allodynia or of hyperalgesia. The terms 'allodynia' and 'hyperalgesia' are used in this article to aid readability, but studies were not required to have used the same terms to be eligible for inclusion in this review. We considered classical conditioning of allodynia to occur when a stimulus that is non-painful at baseline becomes painful after the conditioning procedure, or when conditioning induces a change in pain threshold. We considered classical conditioning of hyperalgesia to occur when a stimulus that is painful at baseline becomes more painful after the conditioning procedure.
During study screening, disagreements about inclusions led to clarification and extension of the inclusion criterion related to the procedural details in both simple and differential designs: CSs had to be neutral with respect to pain prior to pairing. The disagreement statistic reported in the Results section reflects this decision.
Study Screening Process
Records identified in the searches were exported to EndNote (Version X7, Thomson Reuters, New York, NY, USA) and duplicates were removed. The remaining titles and abstracts were screened by two independent reviewers (Victoria J. Madden and Romy Parker) to exclude articles that were clearly irrelevant. Full texts were obtained for all potentially relevant articles, and two reviewers (Victoria J. Madden and Daniel S. Harvie) independently assessed the full articles for eligibility, using a customized and previously piloted form (Supplementary file 3). Disagreements were resolved by discussion or consultation with a third, independent reviewer.
Bias Assessment
A risk of bias tool was custom-formulated using items from the Cochrane Collaboration's risk of bias tool [14] and considerations relevant to experimental study designs and classical conditioning procedures (Supplementary file 4). Points of particular emphasis were established a priori, including sample size, the allocation of participants to groups, blinding of participants, calibration of stimulus to individual participants (where relevant), and the use of manipulation checks (where relevant). Studies were rated according to the risk that their results might be biased for the purposes of answering the question of this review. Two independent reviewers (Victoria J. Madden and Daniel S. Harvie) used this tool to assess risk of bias for each included study. Disagreements were resolved by discussion. The tool produced ratings of six potential sources of bias: selection bias; blinding procedures; measurement bias; reporting bias; details of the conditioning procedure; concerns relating to statistical methods, study size and other confounders; and reporting bias. Small sample sizes have been shown to overestimate the effect of an intervention [15] [16] [17] . While no recommendations for sample size currently exist for within-subject designs, a conservative estimate was used to judge risk of bias in these studies. Specifically, studies recruiting fewer than 50 participants in total were considered to have a high risk of bias (a conservative estimate because subjects act as their own control, reducing variability). If an a priori sample size calculation was reported and the target met, we considered this to be a low risk of bias, regardless of participant number.
Data Extraction
Two independent reviewers (Victoria J. Madden and Daniel S. Harvie) used a customized, piloted template to extract data from the studies (Supplementary file 5). All extracted data were compared between reviewers for accuracy. Extracted data included participant demographic characteristics (age, gender, number, inclusion and exclusion criteria), conditioning procedure (overall design, natures of CSs, UCS, and test stimuli), measurement tools, pain results (type of conditioned response [mean and standard deviation from each group], effect size), data on additional outcomes (skin conductance responses, startle responses), analytical approaches, and the manipulation checks that were performed. Additional information was sought from study authors via email when required.
Data Analysis and Meta-Analytical Approach
If a study assessed for a change in response to a stimulus that was known to be painful at baseline (prior to the classical conditioning procedure), it was considered to be investigating classically conditioned hyperalgesia. If a study assessed for a change in pain threshold-either by traditional threshold measures or by measuring the response to a stimulus that was known to be nonpainful at baseline, or painful only in an established proportion of trials-it was considered to be investigating classically conditioned allodynia.
An a priori decision was made to pool data if more than one eligible study used similar conditioning paradigms and similar pain outcomes. For the studies that were eligible for meta-analysis, authors were contacted and asked to provide their raw data.
Pain scores for CS þ and CS-were averaged for each individual participant, and then re-scaled to a 0-100 scale on which 0 represented "no pain" and 100 represented "maximal pain level". For differential designs, we calculated a difference between means (mean pain to CS þ minus mean pain to CS-) for each individual. We then calculated the mean, standard deviation, and standard error (SE(MD) ¼ SD diff /Hn) of that difference between means at a sample level. This is in line with The Cochrane Collaboration's suggestions for withinsubject data (i.e., cross-over studies).
Mean and SE data were entered using the generic inverse function of Review Manager software (Version 5.2, Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2012) and pooled using a random effects model. Heterogeneity of pooled studies was assessed using the X 2 test and I 2 statistic. Heterogeneity was considered statistically significant when X 2 P < 0.10 and substantial when I 2 exceeded 60% [14] . Lastly, we performed a subgroup analysis based on whether the protocol employed somatosensory CSs or non-somatosensory CSs. We defined somatosensory stimuli as those that are transmitted primarily via the somatosensory pathways. This includes nociceptive, tactile, and proprioceptive information. Visual, auditory, gustatory (taste), olfactory (smell), and vestibular (balance) stimuli were considered nonsomatosensory stimuli.
Exploratory Analysis
An exploratory analysis was conducted on data from hyperalgesia studies that used differential designs. It is not unreasonable to suggest that the reported difference in pain intensity between the stimuli paired with CS þ versus the stimuli paired with the CS-during an acquisition phase could influence the equivalent difference during a subsequent test phase. We assessed this by correlating the mean difference in reported painfulness during the acquisition phase with the mean difference in reported painfulness during the test phase.
Results
Of the 4,801 records identified by the search strategy, 4,787 did not meet the initial eligibility criteria, leaving 14
Classically Conditioned Pain and Hyperalgesia in Humans potentially eligible records ( Figure 2 ). Some disagreement about eligibility (Kappa statistic ¼ 0.55) and the retrieval of one article with an unusual design [18] prompted extensive discussion about inclusion criteria. Clarification of one inclusion criterion (related to the details of the classical conditioning procedure) via discussion with the third reviewer (Johan W.S. Vlaeyen) led to the exclusion of three [18] [19] [20] of the records, leaving a final number of 11. One article [21] and one thesis [22] reported on two studies each, so the total number of eligible data sets was 13: seven published articles (reporting on a total of seven studies), one PRISMA flow chart showing selection process including reasons for exclusion. *Sources: hand-searching of reference lists (n ¼ 43) and recommendations by experts (n ¼ 25). Of these 68 records, 13 were duplicates, 41 were excluded on initial screening, seven were excluded on full-text assessment, and seven were included in the final 14 records. conference abstract, three thesis studies, and two unpublished experiments. We successfully contacted all the authors and allowed 3 months for responses. Full raw data sets were obtained for eight studies. Characteristics of the included studies are listed in Tables 1 and 2 . Table 3 lists the outcomes used by each study. Where more than one outcome measure was used for pain or a closely related construct, the final column of Table 3 states whether or not the additional outcome corroborated the primary pain results.
Seven of the 13 included studies evaluated this review's question as a primary aim. Eleven studies used a differential conditioning paradigm and two used a simple conditioning paradigm. All studies but one used participants' reports of pain intensity as an outcome; the remaining study used a behavioral outcome that effectively indicated participants' self-reported pain threshold: participants were instructed to withdraw as soon as the test stimulus became painful, and the outcome measure was withdrawal latency [11] . Twelve studies used a painful UCS; one used a non-painful UCS [11] . Four studies used a somatosensory CS; nine used a nonsomatosensory CS. Two studies also reported on groups with chronic pain [23, 24] , but the current review used only the healthy participant data from these studies.
Risk of Bias
Risk of bias assessment yielded mixed results ( Table 4) . The four unpublished studies [25] [26] [27] [28] could not be assessed for risk of bias and therefore have been assigned an unclear risk of bias. All the peer-reviewed, published studies had high risk of bias for the domains of blinding (none reported having assessed participant blinding) and for the "statistical methods, study size, and confounding" category, but low risk of measurement bias-with the exception of the study by Williams and Rhudy [11] , which scored high risk of measurement bias. Eight of nine studies had low risk of reporting bias, and bias related to the conditioning procedure. Selection bias findings were mixed.
Classical Conditioning of Hyperalgesia (N ¼ 10)
Ten studies, with 255 participants (see note on Table 1 ), investigated hyperalgesia. Eight studies demonstrated hyperalgesia [21, 23, 26, 27, 29, 30] and two [22 Exp 2, 25] did not. Only one study [25] used a simple conditioning design. The remaining nine studies with differential conditioning designs used a reduced intensity of the UCS as a test stimulus during the test phase. Two of the studies [25, 27] were not described in full (one conference abstract; one pilot study, mentioned in a PhD thesis), and we are unable to describe their designs in detail. Of the remaining eight studies, seven [21, 22 Exp 2, 26, [28] [29] [30] investigated hyperalgesia as a primary response and one study [23] assessed hyperalgesia as a secondary response (by evaluating the effect of fear on pain).
Assessing Hyperalgesia as a Primary Response
Of the seven studies, five [21, [28] [29] [30] used nonsomatosensory CSs (visual stimuli with no emotional valence) and demonstrated hyperalgesia to stimuli paired with the CS þ compared with those paired with the CS-after the classical conditioning procedure. The other two studies [22 Exp 2, 26] used somatosensory CSs. One [26] demonstrated classically conditioned hyperalgesia, and the other [22 Exp 2] did not.
Harvie et al. [26] used a vibrotactile CS and a transcutaneous electrical stimulus as UCS, and also applied trace, delay, and simultaneous timing to explore the effects of stimulus timing on acquisition of hyperalgesia. Their results demonstrated classically conditioned hyperalgesia, regardless of stimulus timing. Brä scher's Experiment 2 paired thermal stimuli of two different temperatures (counterbalanced as CS þ and CS-) with moderately and mildly painful heat stimuli. These CSs and UCSs were contact heat from the same probe. The data show a classically conditioned hyperalgesic effect in 11 of 22 participants [22] , but overall analysis of the data shows no statistically significant difference between CS þ and CS-painfulness after conditioning. Arntz [25] used a mildly painful electrical stimulus as a CS, and a painful muscular contraction as a UCS. This was a pilot experiment, reported in a doctoral dissertation, and also found no hyperalgesic effect after conditioning.
Assessing Hyperalgesia as a Secondary Response
One study [23] assessed hyperalgesia as a secondary response by evaluating the effect of fear, which was expected to modulate the painfulness of a thermal test stimulus. The CSs were non-somatosensory-neutral visual stimuli (square/triangular shapes)-and the UCS was a thermal stimulus. That study's results demonstrated conditioned fear and conditioned hyperalgesia.
Meta-Analysis of Hyperalgesia Studies
Data were obtained from all eight full-text studies for pooling (see Figure 2 for process). Pooling (Figure 3 ) yielded an estimated pain increase of 7.40 points on a 0-100 scale of pain intensity (95% CI: 4.00-10.80), suggesting that hyperalgesia can be induced using classical conditioning. Heterogeneity between these pooled studies was high (X 2 ¼ 71.61, df ¼ 7, P < 0.00001; I 2 ¼ 90%), likely due to small sample sizes, the wide variation in type of CS, conditioning procedure, and study designs. Of the two studies for which neither full-text descriptions nor raw data could be obtained, one did and one did not find evidence for classical conditioning of hyperalgesia. Those studies could not be assessed for risk of bias (Table 4 ). Subgroup analysis by type of CS ( Figure 4 ) showed a pooled effect estimate (pain increase on a 0-100 scale of pain intensity) of 1.62 [95% CI: À0.05 to 3.30] for studies using a somatosensory CS and 9.71 [95% CI: 6.92-12.50] for studies using a non-somatosensory CS.
Exploratory Analysis of Hyperalgesia Studies
Data for this analysis were available from five studies [21, 26, 28, 30] , representing 163 participants. There was a significant relationship between the mean difference in reported painfulness during acquisition phase and the mean difference in reported painfulness during test phase, Spearman's rho ¼ 0.237, P < 0.01.
Classical Conditioning of Allodynia (N ¼ 3)
Three studies [11, 22 Exp 1, 24] evaluated classical conditioning of allodynia. One found that allodynia can be classically conditioned, and two did not. Two studies evaluated allodynia as a secondary response [11, 24] .
The primary question of Brä scher's Experiment 1 [22] matched that of this review. That study used an acquisition procedure in which CS þ and CS-(32 and 36 C contact stimuli) were differentially paired with painful and non-painful heat stimuli. During a test phase, the conditioned response was assessed by pain ratings on delivery of the non-painful heat stimulus (test stimulus) when it was paired with the CS þ versus with the CS-. The original analysis classified participants as "responders" or "non-responders", according to a nocebo response framework. Our analysis pooled all the participants' results and compared the percentage of test stimuli rated as painful when paired with the CS þ versus with the CS-, and found no significant difference (paired t-test, t(20) ¼ 1.706, one-tailed P ¼ 0.052, 95% CI: 0.85-8.47, r¼ .36). The power level for this analysis was 0.50.
Williams and Rhudy's study [11] was designed to investigate preparedness theory. They used a differential conditioning procedure with non-somatosensory CSs to condition fear, which was expected to modulate pain threshold. Emotive visual stimuli (pictures of people with facial expressions communicating fear or happiness) were counterbalanced as CS þ or CS-. The UCS was an aversive electrocutaneous stimulus. Fear was inferred on the basis of skin conductance response, valence, and arousal, and the effect of conditioned fear on pain threshold was assessed using a test stimulus. The study showed that fear was conditioned, but only when the "fear" facial expression was the CSþ. Conditioned fear was associated with a lowered pain threshold, suggesting that allodynia was classically conditioned, albeit indirectly. The primary question of Klinger et al. [24] concerned classical conditioning of muscular responses in people with chronic tension-type headache, people with chronic back pain, and healthy controls. The CSs were auditory tones, and the UCS was painful: an electrocutaneous stimulus calibrated to twice pain threshold. They collected pain intensity ratings for CS-only trials in all participants, rendering their healthy control group eligible for inclusion in this review. None of the healthy participants rated the CS-only trials (auditory tones) as painful at any stage in the experiment, meaning that allodynia was not classically conditioned in this experiment.
Discussion
Summary of Results
This systematic review and meta-analysis aimed to synthesize the evidence that classical conditioning can be used to elicit or amplify pain in healthy, adult humans. Numerous studies have used combined conditioning and verbal suggestion procedures, but we wanted to distinguish the effects of conditioning from verbally cued learning, so we excluded those studies that did not make this distinction [31, 32] . In summary, our systematic review yielded ten studies that tested for classically conditioned hyperalgesia, of which eight studies demonstrated hyperalgesia and two studies did not. Our review also yielded three studies that allowed for testing of the hypothesis that allodynia can be a classically conditioned response, although only one used pain as the primary outcome. Overall, the results show limited evidence that hyperalgesia can be classically conditioned, and that there are conflicting findings about whether or not allodynia can be classically conditioned. These findings are based on data from 13 studies conducted by nine different research groups, with a cumulative 315 participants (see note on Table 1 ).
Risk of Bias of Available Literature
The nine studies in which risk of bias was formally assessed showed varied levels of risk, suggesting that their results should be interpreted with caution. Assessment of blinding was not reported in any study, and all the assessed studies had small sample sizes. This is a feature of the classical conditioning field, and these small samples may be acceptable when powering for large effect sizes. However, the wide confidence intervals seen in the meta-analysis forest plot (Figure 3 ) suggest that the sample sizes were not sufficiently large to account for the variance in the data. Reporting was generally good, and measurements were chosen well, except in one study by Williams and Rhudy [11] . In that study, pain thresholds were compared using latencies of withdrawal from a test stimulus. Participants' fingers were placed on a radiant heat device and they were instructed to withdraw the finger as soon as the test stimulus became painful. Although this outcome measure was a withdrawal latency time, it functioned as a non-verbal report on the presence of pain (not a measure of a reflexive response) because the instructions required a subjective decision about pain onset. However, it is also open to contamination by operant conditioning processes, because removal of the finger from the heat device also removed the painful stimulus. Therefore, any change in pain seen in this study could be due to operant as well as classical conditioning processes. Conditioning procedures were also good in all but one case: Brä scher's Experiment 2 [22] scored poorly here because it used a test stimulus that was calibrated to be mildly painful, but was demonstrated to be non-painful on average (mean rating <40 on a 0-100 scale where 40 was anchored with "just painful"). For this reason, the findings of that study should be treated cautiously, because the test stimulus may not have been adequately intense for the study to test the hypothesis it was intended to. The study by Klinger et al. [24] used a conditioning procedure that was not ideally designed to evaluate classical conditioning of allodynia. It scored "low risk of bias" for conditioning procedure for this reason: its design was very conservative for answering the question of this review.
Classical Conditioning of Hyperalgesia
Eight studies supported the idea that hyperalgesia can be classically conditioned, and two did not support the idea. Two of the five supporting studies that could be assessed for risk of bias had high risk of selection bias, while the only negating study assessed [22 Exp 2] had low risk of selection bias but high risk of bias related to the conditioning procedure itself. The studies from which full data were available showed a range of effect sizes. Pooling of data from all eight studies showed that Figure 3 Conditioned response: a forest plot of mean differences in pain intensity. The effect estimate of each study (mean difference) is indicated by a box and its 95% confidence interval (CI) is shown with a horizontal line. The pooled effect estimate and its 95% CI is denoted by the diamond. Results are displayed for all eight studies for which full data were available.
Figure 4
Subgroup analysis of conditioned response: a forest plot of mean differences in pain intensity. The effect estimate of each study (mean difference) is indicated by a box and its 95% confidence interval (CI) is shown with a horizontal line. The pooled effect estimate and its 95% CI is denoted by the diamond. Results are displayed for studies that used a somatosensory CS and studies that used a non-somatosensory CS.
Classically Conditioned Pain and Hyperalgesia in Humans laboratory-based classical conditioning procedures can produce an increase in pain that is equivalent to about seven points on a 0-100 self-report scale. Despite the substantial heterogeneity, all six pooled data sets classified as having low risk of bias for the conditioning procedure consistently demonstrated hyperalgesia, providing support for direction of the effect. In fact, the high heterogeneity score likely reflects a genuinely wide variation in study design and experimental procedures. Importantly, that a wide variety of study designs is capable of demonstrating results in a consistent direction strengthens the idea that classically conditioned hyperalgesia is a reproducible phenomenon.
The meta-analysis of hyperalgesia ( Figure 2 ) also highlights that Experiment 1 of Jensen et al. [21] had a notably larger effect size than the other studies (MD ¼16.91, 95% CI: 10.82-23.00). One might attribute this to the use of consciously distinguishable CSs in the test phase of that study. However, the most recent study by Jensen et al. [28] contests this idea: using a factorial design to compare groups that received supraliminal CSs, subliminal CSs, or a combination, it showed no difference in effect size between the groups. A second possibility is that the larger effect size in Experiment 1 by Jensen et al. could be due to the high number of CS-UCS pairings: indeed, three of the studies by Jensen et al. [21, 30] used more than twice the number of paired CS-UCS presentations during acquisition than most of the other pooled studies. This might be expected to result in a stronger learning effect [33] . However, Ploghaus et al. [29] used only two pairings and found an effect comparable to that seen in Experiment 2 by Jensen et al., suggesting that, while the number of CS-UCS pairings may play a role, it does not entirely explain the variation in effect sizes.
The difference in findings in the subgroups raises the possibility that preferential cues for classical conditioning of hyperalgesia may exist. Specifically, studies that used non-somatosensory CSs showed a greater pooled effect ($11-point increase) than those using somatosensory CSs ($2-point increase). This finding contradicts the idea that somatosensory cues might be more readily associated with pain than non-somatosensory cues [34] , although it could also reflect the small number of studies in each subgroup rather than a true difference.
It is important to note that our meta-analysis did not include data from one study that did not find support for the classical conditioning of hyperalgesia, and one study that did. We were unable to obtain raw data for these studies, and due to lack of available information, they could not be assessed for risk of bias (Table 4) . Because the two studies excluded from the meta-analysis drew opposing conclusions, it is unlikely that they would have had a pivotal influence on the estimate of pooled effect size.
Our exploration of the relationship between the relative painfulness of stimuli paired with CS þ and stimuli paired with CS-during the acquisition phase and the test phase highlights the importance of careful calibration of stimuli to individual participants in experimental procedures. This analysis mimicked and extended those carried out by Jensen et al. [21, 28] , and, with more data, replicated their findings that there is a positive relationship between the difference in pain intensities during acquisition phase and that found in test phase. Although we did not have access to the acquisition phase data from Brä scher, she reported a similar finding: the subgroup of participants in her study who showed a hyperalgesic effect had also reported the stimuli paired with the CS þ during the acquisition phase to be more painful than had the subgroup that did not show a hyperalgesic effect [22] . Harvie et al. [26] also reported a greater hyperalgesic effect in those participants whose pain ratings had differed by more than 30 mm on a 0-150 mm VAS during the acquisition phase. These findings suggest that individual experience, represented by the differences in pain reports for CS þ and CS-paired stimuli, influence the hyperalgesia effects. In those cases where participants experienced large differences in CS þ and CS-paired stimuli, there may be a stronger "learning signal" that shapes the subsequent pain response.
Theoretical Considerations
There are theories both to oppose and to support the hypothesis that repeated pairing of a neutral stimulus (or CS) with an aversive stimulus should lead to hyperalgesia to a test stimulus subsequently paired with that CS. The relevance of some of these theories depends on questions of predictability and expectation, and the emotional results thereof. In this review, all nine studies that used a differential design to investigate classically conditioned hyperalgesia-with the exception of a portion from Harvie et al. [26] -used delay or trace stimulus timing, which could, theoretically, allow participants who have learned the association to predict the relative magnitude of the stimulus that follows the CS. The time interval for this possible prediction ranged from 100 ms [21, 28, 30 ] to 15 seconds [23, 29] . However, four sections of the data come from designs that probably did not allow participants to predict the nature of the stimulus following the CS. In the study by Harvie et al. [26] , one third of the participants underwent a procedure that used perceptually simultaneous timing-that is, onset of the UCS coincided with onset of the CS. Exploratory between-group comparisons showed no difference between the hyperalgesic effect in these participants and that in the other participants who underwent trace and delay timing procedures. Similarly, three of the studies by Jensen et al. (2012 Experiment 2, 2014 used CSs that were presented too briefly (12 ms) for conscious recognition, and the time interval between onset of CS and onset of UCS was only 100 ms. In fact, the most recent study by Jensen et al. [28] used a between-group comparison to thoroughly interrogate the influence of conscious recognition of CSs on the conditioned hyperalgesia effect, and found no difference between groups. We contend that this analysis, along with the 100 ms delay timing, which was probably not enough time for participants to form a clear prediction about what was to come, suggest that an opportunity to predict the intensity of the test stimulus on the basis of conscious recognition of the CS is not critical for conditioned hyperalgesia.
Nevertheless, most of the data in this review came from studies in which prediction was probably possible. Several early theories predict that the impact of an aversive stimulus should be reduced when the stimulus becomes predictable [35, [36] [37] [38] . According to this principle, painfulness should decrease after pairing. However, there are three problems with relying on this body of work to form hypotheses about classically conditioned modulation of pain. First, this group of theories provides little evidence to suggest that prediction-based modulation of stimulus impact would differ according to the predicted magnitude of the stimulus, because the predictive value of the CS þ might not differ from that of the CS-. In other words, the theories would not clearly predict a different change in reported pain intensity according to whether the rated stimulus followed a danger signal (CSþ) or a safety signal (CS-). Second, while most research into these theories confirmed that predictability of the nature of the stimulus led to decreased skin conductance and task interference, changes in reported intensity were less reliable, which suggests that the modulation of subjective experience may be more complex than modulation of physiological outcomes like skin conductance or heart rate [See 35 vs 39] . Third, painfulness was rarely measured in these studies-and when it was, the effects of predictability on reported pain intensity were inconsistent [see 38 for review].
Further support for a hypoalgesic effect could come from the literature on stress and fear. There is already much literature to suggest that fear can be a classically conditioned response after pairing of a neutral CS with a painful UCS [10, 40] , and the early investigations into the effects of stress and fear on pain suggested that conditioned fear reduced pain [41, 42] . But subsequent studies have found the reality to be more complex: negative emotions may induce hyperalgesia [43] [44] [45] or hypoalgesia [41, 42, 45] [see 46 for a review]. Some studies have suggested that the relationship between stimuli and the degree to which stimuli pose a threat to the body may be important in determining the consequences of negative emotions on pain [43, 44] . Others have suggested that the degree of arousal produced by the UCS or stressor is critical: intense arousal may produce an impulse to escape and inhibits pain, whereas mild to moderate arousal may produce a protective state characterized by hypervigilant scanning of the body, which enhances pain [11, 45] . The perceived risk of bodily injury or the intensity of the aversive stimulus may influence this degree of arousal produced by a procedure [45, 47] . Predictability and stress are, therefore, not clear or compelling bases on which to oppose the idea that classical conditioning could lead to hyperalgesia.
In contrast, the consequences of prediction for arousal provide one possible mechanistic explanation for the classically conditioned hyperalgesia seen in most of the studies in this review: it is plausible that the effect was mediated by heightened arousal. Conscious expectation of hyperalgesia has been shown to lead to actual hyperalgesia, a process mediated, at least in part, by the anxiety-linked hormone cholecystokinin [48] , and possibly involving the hypothalamo-adrenocortical axis [49] . In fact, two of the fully described studies that confirmed hyperalgesia attributed the increases in pain to fear/anxiety elicited by the conditioned stimulus [23, 29] . In a differential conditioning design that uses delay or trace timing, participants would presumably be attending to the conditioning stimuli so as to differentiate between cues predicting threat or safety. If the CS þ produces greater arousal than the CS-, and if that arousal is not sufficient to produce an impulse to escape, it should promote an arousal-mediated hyperalgesic effect that is greater to test stimuli paired with the CS þ than to test stimuli paired with the CS-. However, it is clear that this mechanism does not explain the data from the studies by Harvie et al. [26] and Jensen et al. [21 Exp 2, 28, 30] , in which the CS was not a predictive cue. Although psychophysical data from these studies would be required to conclusively rule out a differential effect of fear/anxiety to CS þ versus CS-, it is unlikely that these designs allowed sufficient time or sufficient exposure to the CSs to elicit an arousal-mediated effect, yet in both cases, a differential classically conditioned effect of hyperalgesia was found.
A second possible mechanistic explanation is that classically conditioned hyperalgesia is a learned response in its own right, rather than a secondary consequence of predictability, stress, or emotional arousal. Inference-based theories of perception suggest that we form inferences based on an evaluation of sensory and non-sensory information on the background of prior knowledge about the world [3] . A classical conditioning procedure modulates this "knowledge of the world" by establishing the CS as an indicator of the amount and nature of threat to bodily tissues. This proposed mechanism does not require the CS to have a temporally predictive role, but does rely on higher cognitive processing. Three of the experiments by Jensen et al. [21 Exp 2, 28, 30] used conditioned cues that were not consciously perceptible and, therefore, could not be explained by this mechanism, so this cannot be the sole process underlying classically conditioned hyperalgesia. As the brain is hierarchically organized, and information may reach the brain at different levels [50] , it is likely that pain learning can also take place at lower levels of information processing.
Classical Conditioning of Allodynia
This systematic review found insufficient evidence to clearly support or refute the idea that classical conditioning can be used to evoke pain in humans. Only three studies were found to address this question, only one of which assessed for a direct classically conditioned effect and measured pain as the primary outcome.
Brä scher's Experiment 1 [22] was designed to investigate the effects of a classical conditioning procedure on the perception of a thermal stimulus. We applied our own analysis to these data in order to determine whether pairing with a previously learned CS þ was sufficient to shift the perception of a non-painful stimulus to painful. This analysis was underpowered (b ¼ 0.50) and although there was a trend toward the test stimulus being perceived as painful more frequently when paired with the CS þ than when paired with the CS-, with a medium effect size, the results failed to reach significance (P ¼ 0.052).
The study by Klinger et al. [24] was designed as a between-group study, primarily comparing muscular responses in people with pain to those in healthy controls, and, as such, was not designed to elicit classically conditioned allodynia in healthy people. Eligibility criteria specified a priori in our protocol required us to include this study, but the negative results are unsurprising, considering that, during the test phase, only auditory tones were presented. It seems improbable that an auditory tone would elicit pain in healthy people. In contrast, the study by Williams and Rhudy [11] , although investigating preparedness theory, was designed to produce classically conditioned fear, which, the authors reasoned, would lower the pain threshold. Their hypothesis was upheld. In other words, some stimuli that would not have been painful prior to the conditioning procedure would have been painful if experienced after the procedure. We suggest that Williams and Rhudy's study provides evidence that negative affect-mediated allodynia can be classically conditioned, and that the study by Klinger et al. does not negate these findings with equivalent authority, because their experimental design was not ideal for the purpose of evaluating classical conditioning of allodynia. Although Brä scher's Experiment 1 did not show a significant effect, it is not unreasonable to speculate that a more highly powered analysis might have. We therefore submit that allodynia could be a classically conditioned response, but that more studies are required to clarify this issue. This conclusion suggests that, although a lack of supporting evidence for classically conditioned allodynia was exposed over 20 years ago [7] , the empirical data are still limited.
It is interesting that so few studies have asked whether classical conditioning can be used to elicit pain, considering the clinical popularity and theoretical plausibility of the idea. Indeed, the literature on classical conditioning of other phenomena related to pain is plentiful [24, 51, 52] . This apparent lack of interest in pain itself may be accounted for by slow uptake of the recognition that pain is an output, rather than an input-an insight that emerged some 30 years ago [12] , but that has only recently become accepted. Pain is also a notoriously difficult construct to measure in an experimental setting [53] , and the complexity of designing studies to elicit pain in the context of the ethical restraints and implicit safety cues of the laboratory may have deterred other researchers who are interested in this question.
Related Literature
The studies included in the present review examined the effects of a classical conditioning manipulation without a verbal manipulation of expectancy-a different approach from the many studies of placebo/nocebo effects. Those studies test the efficacy of a sham treatment for reducing or increasing pain under verbally manipulated expectancy, with or without additional conditioning manipulations. A recent important meta-analysis of nocebo effects [54] found that using a sham treatment with a combination of verbally manipulated expectancy and conditioning elicits a greater hyperalgesic effect than verbally manipulated expectancy alone, but it could not quantify the magnitude of nocebo effects when conditioning is used without verbally manipulated expectancy, because no published studies that had used this approach were found. Consequently, our meta-analysis captured data from a pool of studies that is entirely distinct from those included in that meta-analysis of nocebo effects. Interestingly, the placebo literature does contain studies of the utility of classical conditioning for diminishing pain in the absence of verbally manipulated expectancy [e.g. 55, 56] . Those studies suggest that classical conditioning can be used to produce hypoalgesia in healthy humans, even without verbal manipulation of expectancy.
Strengths and Limitations
This systematic and meta-analytical review used a rigorous method to obtain a comprehensive summary of the evidence for whether classical conditioning can be used to elicit or amplify pain in healthy, adult humans. The search strategy used to identify relevant studies was sensitive and comprehensive. Unpublished work was eligible for inclusion, there was no language restriction, and inclusion was not restricted to those studies that evaluated our question as a primary aim, which maximized the chances of identifying research that was relevant to our question. Lastly, that all stages of the review were performed in duplicate by independent reviewers reduces the risk that we may have missed a relevant study. Because we were primarily interested in the idea that classical conditioning could play an etiological role in chronic pain [57] , our review intentionally did not investigate diminution of pain, and was limited to studies that used healthy participants. The results should not, therefore, be interpreted as evidence that classical conditioning inevitably increases pain-rather, that it can increase pain, given an appropriate design. Further, our results should not be extrapolated to the effects of procedures that aim to diminish pain, or to people who already have chronic pain. These are separate questions. The utility of our meta-analytical results was limited by the scarcity of studies directly addressing our primary question. The high risk of bias seen for multiple domains across the included studies is a limitation of the literature base, but clearly carries over to this study. Future studies should address issues of blinding and study size, as well as other possible sources of bias, so as to provide robust findings.
The paucity of studies investigating whether allodynia can be classically conditioned raises questions about a possible publication bias effect. Other researchers may have asked this question and yielded null (and therefore unpublished) results. This is another limitation of the field that clearly carries over to this review. Our sensitive search strategy, which included consultation with several experts in the field, should have minimized the chances of our missing records, but there may yet be studies-particularly older studies that predate electronic databases-that we did not identify.
The validity of this review is enhanced by the exclusion of studies that used explicit verbal suggestion alongside a conditioning procedure. Such combined procedures are common in the literature, but they do not allow for the effects of conditioning to be teased apart from those of verbal suggestion. We can, therefore, be reasonably confident that the effects seen in these studies are due to classical conditioning.
Conclusion and Future Directions
Our results demonstrate that there is some evidence to support the idea that classical conditioning alone can amplify pain in healthy, adult humans. It is not possible to say with clarity whether or not pain itself can be elicited using classical conditioning. This review exposes a conspicuous gap in the literature. The idea that associative learning underlies the persistence of pain after tissue healing is pervasive in the clinical arena [58, under review]-perhaps reflecting an extension of the knowledge that associative learning underlies fear of pain [52] -but has not been adequately investigated at an experimental level. The finding that pain-related fear is often learned by classical conditioning prompted the development of numerous treatment strategies [59] and led to significant gains in the management of pain-related fear. Similar progress could lie ahead for pain itself. Further rigorous, blinded studies are needed to test whether classical conditioning effects play a role in eliciting pain. If they do, generalization of classically conditioned pain may underlie common clinical observations such as the spreading of pain, or the occurrence of pain in increasingly various situations, as has been proposed in the Imprecision Hypothesis of chronic pain [57] . While this review considered the evidence for classical conditioning of pain in healthy people, a priority for future work will be to review the evidence in people with chronic pain. Such a question fell outside the scope of this review, but constitutes an important step in developing a full understanding of the mechanisms that may underlie persistent pain.
